Abstract This study aims to compare the impact of oyster cultures on diagenetic processes and the phosphorus cycle in the sediments of the Aber Benoît and the Rivière d'Auray, estuary of Brittany, France. Our results showed clear evidence of the seasonal impact of oyster cultures on sediment characteristics (grain size and organic matter parameters) and the phosphorus cycle, especially in the Aber Benoît. At this site, seasonal variations in sulfide and Fe concentrations in pore waters, as well as Fe-P concentrations in the solid phase, highlighted a shift from a system governed by iron reduction (Reference) to a system governed by sulfate reduction (beneath oyster). This could be partly explained by the increase in labile organic matter (i.e., biodeposits) beneath oysters, whose mineralization by sulfate led to high sulfide concentrations in pore waters (up to 4,475 lmol l -1 ). In turn, sulfide caused an enhanced release of phosphate in the summer, as adsorption sites for phosphate decreased through the formation of iron-sulfide compounds (FeS and FeS 2 ). In the Aber Benoît, dissolved Fe/PO 4 ratios could be used as an indicator of phosphate release into oxic water. Low Fe/PO 4 ratios in the summer indicated higher effluxes of phosphate toward the water column (up to 47 lmol m -2 h -1
Introduction
Marine farming in France is currently dominated to a great extent by oyster farming. French oyster production, mainly the species Crassostrea gigas, represents 130,000 tonnes per year with a turnover close to 25 million euros per year, making France the leading European producer. However, summer mortalities of C. gigas have been observed for several years along the French coast. An initial understanding of the complex interactions between oysters, environment, and pathogens was obtained during an interdisciplinary network, the MOREST project (2001) (2002) (2003) (2004) (2005) on summer mortality events of C. gigas oysters in France (Samain and McCombie 2007) . This project highlighted the involvement of multiple factors, including the genetic and physiological status of the oysters; the occurrence of pathogens and environmental factors such as temperature, high trophic conditions, which control reproduction intensity and susceptibility to bacterial infection; and sediment proximity (Samain and McCombie 2007) . As an example of this last factor, in the Marennes-Oléron Bay, the daily mortality rates of ''on-bottom'' oysters, reared directly on intertidal sediments, were significantly higher than those of ''off-bottom'' oysters reared on trestles (Soletchnik et al. 2005; Gagnaire et al. 2006 ). This potential involvement of sediment in the occurrence of mortalities could be an indirect consequence of the impact of oyster farming activities on the sediment itself. The benthic effects of oyster farming, where no excess food is supplied, seem to be much less serious than those of caged fish farming (Matijevic et al. 2008) . However, several studies have demonstrated how bottom sediments below the oyster racks were highly polluted by organic matter due to the biodeposition of feces and pseudofeces, and silt sedimentation (Nugues et al. 1996; Mallet et al. 2006) . Under these conditions, high mineralization rates can occur, changing biogeochemical cycling to reactions that promote the release of large quantities of inorganic nutrients into the water column (Berelson et al. 1998) . In fact, when high mineralization rates occur, oxygen becomes depleted and sulfate reduction is stimulated leading to increased sulfide and ammonia production, which are known to be toxic to macroorganisms. In addition, the occurrence of anoxic conditions may contribute to an increase in phosphate liberation through the dissolution of Fe(III)-bound P (Andrieux-Loyer and Aminot 2001; Andrieux-Loyer et al. 2008; Anschutz et al. 1998; Berner 1980, 1981; Sundby et al. 1992) . This additional released P may significantly increase the biologically available pool of P in the water, thus modifying the trophic resource.
The effect of shellfish farming has especially been studied concerning nitrogen dynamics (Pietros and Rice 2003; Mazouni 2004; Nizzoli et al. 2006) . However, relatively little is known of the impact of oyster cultures on mineralization processes and nutrient dynamics regarding the phosphorus cycle and including both the speciation of particulate phosphorus forms and dissolved nutrient data (Anschutz et al. 2007 ). Most studies on the impact of oyster cultures on nutrient cycles have mainly focused on nutrient fluxes (Gaertner- Mazouni et al. 2012; Hyun et al. 2013) .
This study aims to assess the effects of oyster cultures on sediment characteristics and nutrient fluxes by focusing on the phosphorus cycle and how these effects differ according to seasons and sites. This study also provides important data for drawing up oyster aquaculture models, which do not yet adequately describe the effects of shellfish farms on benthic nutrient fluxes ).
Materials and Methods

Site Description
Sampling was conducted in two French estuaries where oyster farming is highly developed (Fig. 1A, B) : (1) the downstream part of the Aber Benoît (4°36 0 W and 47°36 0 N) and (2) an oyster culture site (Fort Espagnol) near the mouth of the Rivière d'Auray (2°58 0 W and 47°36 0 N). The Aber Benoît (Fig. 1B 1 ; Table 1 ) is an estuary 31 km in length, with a catchment area of 140 km 2 , situated in the northwest of Finistère (Brittany). The average water flow in spring is 0.418 m 3 s -1 but this site is subjected to strong seawater currents (up to 1.3 m s -1 ) due to the high tidal amplitude, and salinity ranges from 24 to 34 (PSS78). Depth at zero tide is 14 m. Human activities, which mainly center on animal husbandry, lead to moderate discharges of organic matter, nitrate-rich fertilizers, and sometimes pesticides into Aber Benoît. The total oyster area (250 ha) is located within Aber Benoît (38 ha) and Aber Wrac'h and between them. Before 2008, no summer mortality occurred and the temperatures never reached 19°C.
The estuarine area of Auray (Fig. 1B 2 ; Table 1 ) is 56.4 km in length and represents the western part of the Gulf of Morbihan in South Brittany. It is influenced by human activities, mainly agriculture, in a catchment area of 800 km 2 around two principal rivers, the Loch and the Sal. These rivers flow into Rivière d'Auray with an average flow of 2.99 m 3 s -1 for the Loch and about half this for the Sal. The tidal flux causes a renewal of 50 % of the Gulf's water every 10 days (20 tides) and produces a current up to 0.4 m s -1 . In the downstream part of Rivière d'Auray, which is used for oyster farming (1,635 ha), salinity varies from 27 to 35 (PSS78). Depth at zero tide is 20 m. Oyster mortality has occurred almost every year since the phenomenon began, notably because the temperatures exceed 19°C in summer.
Both sites are well suited for breeding oysters due to the presence of phytoplankton blooms.
The sediment of Aber Benoît is sandy mud with a deep gray color, while the Rivière d'Auray sediment is black sandy mud.
In each site, experiments were performed, over a seasonal cycle, at a station under the influence of oyster cultures (Oyster) compared to processes at a station outside their direct influence (Reference, 30 m away from Oysters). However, as all Rivière d'Auray was subjected to green macroalgal growths, a Reference site without these macroalgae could not be found.
Oyster and Reference sites were subjected to 60-70 % immersion, i.e., emergent at low tide during spring tide. Pacific oysters C. gigas were reared in bags placed on 50-cm high racks on each sample site.
Sampling
In each site, sediment samples were collected on a monthly basis from July to September 2007 and in March, May, and June 2008. Sediment and its overlying water was collected by a hand corer using PVC cores (id = 9 cm; h = 30 cm), as described in Mudroch and Azcue (1995) . Any disturbance of the sediment-water interface was carefully avoided. Triplicate cores were taken at each station. This study was carried out during similar hydrodynamic conditions (moderate spring tide, ebb tide). Overlying physical-chemical water properties are illustrated in Fig. 2 All overlying and pore water treatments were performed at the sampling site. An aliquot of overlying water was collected immediately after core recovery for further nutrient analyses. Temperature and salinity (expressed on the PSS78 scale) in overlying waters were measured with a WTW portable meter (LF 320). High-resolution vertical profiling of dissolved O 2 was then carried out both in overlying and pore waters using a miniaturized Clark-type oxygen sensor (Unisense OX500) coupled with a picoammeter (Unisense PA2000) and a micromanipulator (Unisense MM33). The in situ temperature was maintained by using an insulating device. Subsequently, the core used for O 2 profiling was sliced into six horizontal layers up to a total depth of 8 cm (0.5 cm for the top 1 cm, 1 cm up to 3 cm, 2 cm up to 5 cm, and 3 cm below) within 30 min. Two other cores were sliced up to 2 cm for diffusive fluxes statistical treatments. For every level, a subsample was centrifuged in a Whatman VectaSpin 20TM centrifuge tube filter (0.45 lm) under inert atmosphere (N 2 ) at 3,075 g and 4°C for 20 min in order to collect pore waters.
An aliquot of pore water was diluted tenfold in 0.02 M hydrochloric acid and maintained at 4°C for Fe 2? and Mn 2? analysis. Another aliquot was diluted 50-fold in a 4.6-mM zinc acetate solution for hydrogen sulfide analysis. The remaining pore water was acidified at pH * 2 and frozen for subsequent nutrient analysis.
Sediment Treatments
An aliquot of the wet sediment of known volume and weight was dried at 60°C (5 days), and the weight loss was used to calculate porosity (Berner 1980) . Another sample was maintained at 4°C for less than 15 days for sediment grain size. An aliquot of the sediment remaining after collection of pore water was frozen at -25°C for subsequent chlorophyll a (Chl a) and phaeopigment analysis. Another aliquot was also frozen at -25°C and then freeze-dried, for the subsequent organic carbon (Orga-C), total N, and phosphorus forms analysis.
Sequential Extraction of Phosphorus Pools and Analysis
The major reservoirs of sedimentary P-adsorbed and iron oxide-bound P (Fe-P), and authigenic calcium-bound P (Auth-Ca-P) were determined using the widespread sequential method of Ruttenberg et al. (1992) , as modified by Andrieux-Loyer et al. 2008 . The main features are presented in Table 2 . In this study, we omitted citrate in the first step as it was shown to render a part of the calcium-bound phosphate soluble (Psenner et al. 1988 ). In addition, the MgCl 2 and H 2 O washes were omitted in step I. These were originally used to avoid the secondary sorption of P on the residual solid surfaces during the extractions. This process was shown to be insignificant in the dithionite extraction (Ruttenberg et al. 1992; Slomp et al. 1996) .
Organic P (Orga-P) was determined non-sequentially as the difference between 1 M HCl extractable P before (24 h: inorganic P) and after the ignition of the sediment (550°C, 4 h; total P; Aspila et al. 1976) . The sedimentary inorganic carbon was removed with phosphoric acid (Cauwet 1975) before Orga-C analysis.
Analytical Procedures
The analysis of sediment grain size was performed using LS 200 Beckman Coulter laser granulometry. Organic C (Orga-C) and total N were measured using a vario EL-III CN Table 2 Sequential extraction method for phosphorus forms in sediments; adsorbed and iron oxide-bound P (Fe-P), and authigenic calcium-bound P (Auth-Ca-P); Fe-P and Auth-Ca-P after Psenner et al. 1988; Ruttenberg 1990; Slomp et al. 1996) ; and organic phosphorus (Orga-P; Aspila et al. 1976) Step Extractant and protocol HCl treatment overnight (total P)
Organic P (Total P-inorganic P)
a Note that Orga-P extraction (step III) was performed non-sequentially on a separated subsample Aquat Geochem (2014) 20:573-611 579 elemental analyzer. Chl a and phaeopigments were determined according to Lorenzen (1967) as modified by Aminot and Kérouel (2004) . The pore water was diluted tenfold after thawing and then analyzed using segmented flow analysis (SFA) for phosphate, nitrate, and ammonium (Aminot et al. 2009 ). Phosphorus form extracts were also diluted tenfold, and dithionite extracts were additionally acidified with H 2 SO 4 (Jensen and Thamdrup 1993) and then bubbled with pure O 2 (30 ml min -1 ) for one minute to transform S in SO 4 , which may interfere in colorimetric methods and phosphate determination in the extracts. The method of standard additions was used to check for potential interferences and to correct the results accordingly.
Fe 2? in pore water was measured with the ferrozine method (Sarradin et al. 2005) and Mn 2? with the leuco-malachite green method (Resing and Mottl 1992) , both adapted for SFA.
Hydrogen sulfide (H 2 S, HS -, S 2-) was measured using the colorimetric methylene blue method according to Fonselius et al. (1999) .
The analytical precision of the determinations was better than 2 %.
Calculation of Diffusive Fluxes
Diffusive fluxes were calculated using the first Fick's law adapted for sediments (Berner 1980) :
where Fd is the rate of efflux (lmol m -2 day -1 ), U is the sediment porosity (dimensionless) of the upper sediment sample, D s is the bulk diffusion coefficient (m -2 day -1 ), and dC/dz is the concentration gradient at sediment-water interface for phosphate and ammonium (lmol m -4 ). For HPO 2À 4 and NH 4 ? , dC/dz was calculated from linear regression on the concentration values at bottom water and just below the interface (Table 3) . For HS -, the concentration gradient was calculated for the depth interval with the greatest concentration gradient change (Table 3) , with corresponding porosity (Sahling et al. 2002) . Consequently, these sulfide fluxes represented the maximum of the ascendant sulfide fluxes in the sediment. D s was corrected for tortuosity, i.e., D s ¼ (Li and Gregory 1974) , and the value of h was assumed to be equal to ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi Boudreau 1996) .
Data Processing
Surfer Ò software (version 8) was used to interpolate measured values and create contour maps for each measured solid and dissolved parameter. The gridding methods in Surfer use weighted average interpolation algorithms. Kriging, used in this study, is the default gridding method because it generates the best overall interpretation of most data sets.
The normality of data sets was first assessed with the Shapiro and Wilk's test (www. anastats.fr). Spearman or Bravais-Pearson tests were used to evaluate the relationships between variables (Xlstat). Mann-Whitney tests were performed to determine the significant differences in biogeochemical parameters between the Reference and Oyster stations at each study period (www.anastats.fr). For all tests, values were considered significant at p \ 0.01.
Results
Solid Fraction
3.1.1 Sediment Characteristics (Granulometry, Porosity, Carbon, Nitrogen, and Chlorophyll a)
Sediment characteristics of surficial sediments (in the top 3 cm) are presented in Tables 4 and in Table 5 in Appendix. Sediments were all sandy muds both in the Aber Benoît and in the Rivière d'Auray (Characterization of Larsonneur 1971) . Nevertheless, surficial sediments in the Aber Benoît always presented lower proportions of lutites (\62.5 lm) than those in the Rivière d'Auray, both at the Reference and under Oysters (Table 4 ). In the Aber Benoît, proportions of lutites (and the lowest median size) were always significantly higher beneath oysters compared to the Reference (Mann-Whitney test; n = 6; p \ 0.01), whereas no differences appeared in rivière d'Auray (n = 6; p \ 0.01). Coefficients of variations in the Aber Benoît (8 % under racks; 22 % outside racks) and in the Rivière d'Auray (7 % under rack; 8 % at the Reference) indicated the relatively stable grain size nature of surficial sediments at each station over time.
The surficial porosities were lower in the Aber Benoît than in the Rivière d'Auray (Table 4) . However, at both areas, differences between Reference and Oyster sites were not significant at each study period (Mann-Whitney tests; n = 6; p \ 0.01).
The vertical distributions of Orga-C (Fig. 3 ) and total N (not shown) generally displayed a decrease or almost constant concentrations with depth, according to the season and the location. However, in the Aber Benoît in May and June, under Oysters, a significant increase in concentrations occurred, respectively, at 2-3 cm depth and at 5-7 cm depth (Orga-C [ 2,100-2,700 lmol g in Orga-C; *500 lmol g -1 in total N) were always observed in May and August. Orga-C/total N (C/N) ratios (Fig. 4) varied from around 5.6 to 9.6 over the study period (Aber Benoît and Rivière d'Auray). At both sites, C/N ratios increased from March (6.1 ± 0.5) to Summer (9.0 ± 0.6 in the Aber Benoît and 9.4 ± 0.2 in the Rivière d'Auray).
Orga-C/Orga-P (C/P) ratios (Fig. 4) were more variable further down the core, generally increasing with depth. They also increased from March (about 230 ± 20 under Oysters in the Aber Benoît and 230 ± 154 under Oysters in the Rivière d'Auray) to June (393 ± 111 in the Aber Benoît at the Reference) or to July (724 ± 222 in the Rivière d'Auray under Oysters). There were no significant differences in C/N and C/P ratios between Reference and Oyster sites.
Chlorophyll a (Chl a) concentrations (Fig. 3 ), in the Aber Benoît, under Oysters, were characterized by two maxima (May, 50 lg g -1 in surficial layers; June, 40 lg g -1 at 6 cm depth). At the Reference, concentrations rarely exceeded 10-20 lg g -1 . In the Rivière d'Auray, both under Oysters and at the Reference, two maxima also occurred, respectively, in May and August (up to 70 lg g -1
) and in March and May (up to 80 lg g -1 ).
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(Rivière d'Auray, Reference).
P Forms
In the Aber Benoît, the depth profiles showed differences between Reference and Oyster sites ( Fig. 5 ; Table 5 in Appendix). In contrast, no marked differences appeared in the Rivière d'Auray (Fig. 5 ). By and large, Tot-P concentrations generally decreased with depth (not shown). In the Aber Benoît, under Oysters, Tot-P concentrations were characterized by two maxima, the first one in May (24 lmol g -1 at 2.5 cm depth) and the second in June in deeper layers (24 lmol g -1 at 6 cm depth). At the Reference, concentrations only significantly increased in May (20 lmol g -1 at 1 cm depth). In the rivière d'Auray, two maxima occurred in surficial sediments both under Oysters (about 24 lmol g -1 in May and August) and at Reference (20-26 lmol g -1 in March and September). Apart from these maxima, concentrations ranged from 10 to 15 lmol g -1
. Total P distributions were largely accounted for by Orga-P and Fe-P, which globally showed the same patterns and to a lesser extent by authigenic Ca-P.
In both areas, Fe-P mean concentrations were close to 2 lmol g -1
. In the Aber Benoît, under Oysters, concentrations reached about 5 lmol g -1 in May and June (2-6 cm depth). At the Reference, there was no significant increase. In the Rivière d'Auray, under Oysters, Fe-P concentrations in surficial sediments showed a first increase in May and a second at the end of August (up to 11 lmol g -1 ). At the Reference, the first maximum occurred in March (8.8 lmol g -1 at 0.5 cm depth) and the second in August (5.7 lmol g -1 at 2.5 cm depth). This phosphorus form represents 10-20 % of the total phosphorus in the Aber Benoît and 10-30 % of Total P in the Rivière d'Auray. No significant variations in proportions could be observed whatever the investigated area and site.
In the Aber Benoît, under Oysters, Orga-P patterns were characterized by an increase in concentrations both in May (12 lmol g -1 at 2.5 cm depth) and June (9.4 lmol g -1 at ) occurred in surficial sediments in May and August, whereas at the Reference, concentrations increased especially in May and at the end of September. Owing to the relatively wide concentration range (0-12 lmol g -1 ), according to the location and the season, the Orga-P proportions in relation to total P were relatively variable (15-30 % on average in the Aber Benoît; 20-45 % on average in the Rivière d'Auray). No significant trend could be highlighted between Reference and Oyster sites, either in the Aber Benoît or in the Rivière d'Auray.
By and large, almost constant Auth-Ca-P concentrations occurred in the Rivière d'Auray (2-3 lmol g -1 ). In contrast, in the Aber Benoît, two concentration maxima (4-6 lmol g -1 ) were observed both beneath Oysters and Reference, in May, June, or July. Auth-Ca-P accounted for 10-18 and 12-23 % of total P, respectively, in the Aber Benoît and in the Rivière d'Auray. The proportions of Auth-Ca-P did not display any effects of oyster cultures. Phosphorus forms (adsorbed and iron oxide-bound P (Fe-P), organic P (Orga-P), and authigenic calcium-bound P (Auth-Ca-P) seasonal distributions in sediments (2007) (2008) In the Aber Benoît, under Oysters, oxygen concentrations in the bottom waters (Fig. 6 ) varied from 235 lmol l -1 (July 3) to about 300 lmol l -1 (June) over the study period. For the Reference, concentrations varied from 255 lmol l -1 (May) and 285 lmol l -1 (March) with an increase (up to 340 lmol l -1 ) at 0.8 cm above the sediment. In the Rivière d'Auray, concentrations in the bottom waters under Oysters ranged from 165 lmol l -1 (August 1) and 305 lmol l -1 (June). At the Reference, concentrations ranged from 200 lmol l -1 in August to 320 lmol l -1 in March. The concentration profiles of O 2 always showed a sharp negative concentration gradient presenting the sediment as a sink for dissolved oxygen whatever the season or the location. O 2 was always consumed within the first millimeters below the sediment-water interface. The penetration depths of dissolved oxygen profiles in the Aber Benoît ranged from 2 mm (August: Reference; May: Oysters) to 3.8 mm (March: Oysters; September: Reference). Nevertheless, a sporadic increase in O 2 concentrations was observed in the sediment in June and July in the Aber Benoît at the Reference. In the Rivière d'Auray, the penetration depths varied from 2.6 mm (September: Oysters; June: Reference) to 4.7 mm (September: Reference).
The top sample of the pore water profiles was always impoverished in NO À 3 (as an example, see Fig. 11 ) in relation to the bottom water, suggesting that the sediment is a sink for nitrate. By and large, NO ) concentrations in sediments significantly differed between the two areas (Fig. 8) . In the Aber Benoît, under Oysters, concentrations increased up to 4,475 lmol l -1 at 7 cm depth in June and up to 2,792 lmol l -1 at 4-7 cm depth in August (Fig. 8) . At the Reference, concentrations were always lower than 70 lmol l -1 (Fig. 8 ). In the Rivière d'Auray, a different pattern occurred with lower concentrations (\500 lmol l -1 ) under Oysters compared to the Reference (up to 2,415 lmol l -1 in May at 4-5 cm depth). Sulfide was never detected in the water column at either areas.
Phosphate and Ammonium Profiles
In both areas, phosphate concentrations in the bottom waters rarely exceeded 1 lmol l -1 . In the Aber Benoît, pore water phosphate concentrations were significantly higher under oysters compared to the Reference, with concentrations exceeding 70 lmol l -1 from 2 cm depth in May and June and from 4 to 7 cm depth in September (Fig. 8) . At the Reference, concentrations rarely exceeded 10 lmol l -1 . On the contrary, in the Rivière d'Auray, both Oyster and Reference sites exhibited pore water concentrations seasonally higher than 70 lmol l -1 (Fig. 8) . Surficial pore water concentrations were generally higher than in the Aber Benoît (20-30 lmol l -1 against 10-15 lmol l -1
). Ammonium profiles displayed the same behavior as phosphate profiles but with about 20-30 and 8-12 times higher concentration levels, respectively, in the Aber Benoît and the Rivière d'Auray (Fig. 8 ).
Calculated Diffusive Fluxes
Phosphate benthic fluxes (Fig. 9 ) calculated from pore water gradients using Eq (1) (Sect. 2.6) ranged from 1 ± 0.1 lmol m -2 h -1 in September to 45 ± 11 lmol m -2 h -1
in June and from 1.8 ± 0.2 lmol m -2 h -1 in March to 19 ± 10 lmol m -2 h -1 in September, respectively, in the Aber Benoît and in the Rivière d'Auray under Oysters. At the References, phosphate fluxes never exceeded 6 lmol m -2 h -1 . A similar pattern was observed for ammonium under Oysters (Fig. 9) , where fluxes varied from 68 ± 6 lmol m -2 h -1 (March) to 1,014 ± 137 lmol m -2 h -1 (beginning of (Fig. 9) under Oysters, in the Aber Benoît, significantly increased in May, July, and August (up to 510 lmol m -2 h -1 ), whereas they were close to zero at the Reference. In the Rivière d'Auray, fluxes were generally higher under Oysters (up to 50 lmol m -2 h -1 ), except in May and September (148 and 96 lmol m -2 h -1 at the Reference).
Discussion
The present study aimed to compare the impact of oyster farming on sediment properties and the phosphorus cycle in two contrasted estuaries. Our findings showed clear evidence of the seasonal impact of oyster cultures on sediment characteristics, mineralization processes, and the phosphorus cycle in the Aber Benoît. In contrast, in the Rivière d'Auray, the occurence of macroalgae clearly masked this impact.
Impact of Oyster Culture on Grain Size and Organic Matter Parameters
Aquaculture activities are known to lead to an increase in fine particles in sediments, as in oyster cultures, where 95 % of particles of oyster feces and pseudofeces are less than 5 lm (Sornin 1984) . These biodepositions may increase sedimentation by a factor of 2-4, depending on the area (Nugues et al. 1996; Forrest and Creese 2006) . Grain size distributions in the present study highlighted a different pattern in the two studied estuarine systems, i.e., a higher proportion of fine fractions under Oysters compared to the Reference, in the Aber Benoît, but not in the Rivière d'Auray (Table 4) . A decrease in water Diffusive fluxes are determined from three cores for nutrients and from one core for sulfide and are expressed in lmol m -2 h -1 . Coefficients of variation ranged between 5-20 %. In order to facilitate comparisons between Aber Benoît and Rivière d'Auray, the same scale was used for each study area circulation due to rearing structures has usually been reported to explain the enhanced sedimentation beneath cultures (Kervella et al. 2010) . In Aber Benoît, this phenomenon, associated with a relatively high density of oysters (39 tonnes per hectare), may have increased the sedimentation of fine particles beneath oysters in spite of the high current velocities generally occurring in this estuary (around 0.8-1.3 m s -1 ). At the Reference, located closer to the channel than the oyster structures, the stronger currents (Dyers 1989 ) generated by high tides may have dispersed the fine particles over a large area.
In the Rivière d'Auray, lower current velocities (around 0-0.4 m s -1
) should have promoted silting under rearing structures and limited their dilution over the entire area. Our grain size data do not confirm this hypothesis. This could be explained by the 15 times lower density of oysters in the Rivière d'Auray (2-3 tonnes per hectare) than in the Aber Benoît. Moreover, low hydrodynamic conditions, favorable to water stagnation, making them more sensitive to anthropological inputs, could well explain the presence of green macroalgae, stranding regularly (Piriou et al. 1995) , both under Oysters and at the Reference. These macroalgae, while increasing both organic matter and fine particles in sediments (Argese et al. 1992 ) could mask the biodeposition phenomenon under the rearing structures. Thus, macroalgae, and to a lesser extent the transport of biodeposits from Oyster to Reference, may also explain the absence of significant differences (p \ 0.01) in Orga-C, Chl a, phaeopigments, and Orga-P concentrations between the Oyster and Reference sites (Figs. 3, 5) .
In contrast, in the Aber Benoît, macroalgae deposits remained fixed to the rearing structures. As a matter of fact, the distribution of organic matter indicators in the Aber Benoît (Orga-C, total N (not shown), Chl a, and phaeopigment) indicated a significant organic enrichment beneath oyster compared to the Reference (Fig. 3) , especially in May and June (n = 12; p \ 0.01). The Chl a content of sediment beneath oysters in the Aber Benoît was probably enhanced by phytoplankton contained in the feces and pseudofeces of oysters, where a part of the Chl a has not been degraded (Barranget et al. 1994) . Likewise, the increase in May and June of phaeopigments in sediment (Fig. 3) under Oysters could be due to bivalve metabolism as phaeopigments were shown to be linked to the feeding activity of molluscs (Barranget 1997 ).
Mineralization of Buried Organic Matter: Consequences for Nutrient Release
Our data show common mineralization processes at all sites (1) but also a different fate of the buried organic matter between the two estuaries (2) and between reference and oyster sites (3). The intensity of mineralization is not always linked to organic matter levels in sediments as reported in other coastal shellfish areas (Mesnage et al. 2007 ).
1. At both sites, mineralization of the buried organic matter followed the general sequence of early diagenetic reactions: oxygen was reduced in the surficial sediment (penetration depth lower than 5 mm). Nevertheless, net O 2 consumption rates (from about 2-3 lmol cm -3 day -1 in September to 7-10 lmol cm -3 day -1 in May; Andrieux-Loyer et al. in prep.) do not reveal significant differences in mineralization between Oyster cultures and References, both in the Aber Benoît and in the Rivière d'Auray. O 2 consumption was followed by the reduction in nitrate, manganese oxides, iron oxides, and sulfate. This induced seasonal accumulation of NH , Fe 2?, and H 2 S in the sediment, especially in the Aber Benoît under Oysters (Figs. 7,  8 ). In the Rivière d'Auray, these parameters also highlighted the typical behavior of the Reference as described above, i.e., higher concentrations at the Reference. The increase in C/N (up to 9.6) and C/P (up to 315) from June to September and with depth (Fig. 4) , high particulate Orga-C-to-Chl a ratios ([200; Table 4 ), and Chl a-to-(Chl a ? pheophytin) ratio *0.2-0.4 (data not shown) confirmed mineralization processes. 2. However, COP/Chl a ratio, often used as an indicator of organic matter properties (Richard et al. 1997) , also pointed out a significantly different pattern beneath Oyters between the two estuaries. The significantly higher COP/Chl a ratios in the Rivière d'Auray compared to those in the Aber Benoît suggested a more detrital organic pool (Table 4 ). This could explain why, in the Rivière d'Auray, under Oysters, despite concentrations of organic carbon 1.5-2 times higher in surficial sediments (0-3 cm) than in the Aber Benoît (Table 4 ; Fig. 3 ), the concentrations of mineralization products (ammonium, sulfide, and to a lesser extent, phosphate; Fig. 8 ) as well as their fluxes (Fig. 9) were relatively similar to or significantly lower (especially in June and July) than those reported in the Aber Benoît. We hypothesize that in the Rivière d'Auray, there was a weaker degradation bacterial activity due to the nature of the organic matter (fewer biodeposits) but also to that of the bacterial community. Vibrio bacteria, particularly organotrophic, were more abundant in the Aber Benoît than in the Rivière d'Auray (Azandegbe 2010) . The coarser nature of the sediments in the Aber Benoît compared to the Rivière d'Auray could also explain the different fate of the freshly deposited organic matter beneath oysters. The rapid degradation of organic matter was shown to occur in coarse, permeable sediments (Bühring et al. 2006 ). In contrast, in fine-grained deposited sediments, remineralization could be delayed until late summer (Boon and Duineveld 1998) . Nevertheless, at the Reference sites, a more conventional pattern occurred with the intensity of mineralization linked to organic matter levels in sediments. This was probably due to less difference in the nature of organic matter, as shown by COP/Chl a ratios in surficial sediments (Table 4 ). In addition, surficial Orga-C concentrations at the References were significantly higher in the Rivière d'Auray compared to the Aber Benoît (up to 4.8 times higher, in August), which could mask different mineralization processes (Table 4) . 3. A different fate of the buried organic matter was also observed between Oyster and Reference sites, especially in the Aber Benoît. Despite relatively low enrichment in Orga-C in the superficial sediments beneath oyster compared to the Reference (a maximal factor around 1.5 in May 2008), fluxes of ammonia, phosphate, and sulfide could be, respectively, up to around 70, 110, and 75 higher at the Oyster than at the Reference sites (Fig. 9 ). This suggests an efficient and rapid degradation of organic matter underneath oysters. This could not be explained by temperatures in the overlying and pore waters, similar for Oyster and Reference (Fig. 2) but rather by the nature of biodeposits shown to be rapidly decomposed compared to other organic material in coastal sediments (decay rates of phytoplankton and macroalgae 1.6-22 times lower than those of biodeposits; Giles and Pilditch 2006).
Consequences for the Phosphorus Cycle
The cycle of phosphorus in sediment is strongly linked to the cycle of deposition/mineralization of organic matter. Our results show that the increase in labile organic matter, i.e. biodeposits, beneath oysters significantly modifies the phosphorus cycle through the interactions of Fe, S, and P.
In shallow marine environments, organic matter mineralization coupled to iron oxide reduction (state 1) and/or sulfate reduction (state 2) becomes the prominent process (Ekholm and Lehtoranta 2012). In the present study, low dissolved iron concentrations (\50 lmol l -1 ) and sulfide concentrations higher than 3,400 lmol l -1 beneath oysters in June and July in the Aber Benoît (Fig. 11) highlighted a shift from a system governed by iron oxide reduction (Reference) to a system where sulfate reduction dominates (beneath oysters). According to Lehtoranta et al. (2009) , a major factor causing this shift from state 1 to state 2 is an increase in the input of labile organic matter to the sediment. This is in agrement with the increase in labile organic matter beneath oysters in the Aber Benoît (see Sect. 4.2) .
The presence of free sulfide was shown to enhance the release of dissolved phosphate in slurry experiments (Heijs et al. 2000) , whereas the addition of iron salts could temporarily prevent phosphate exchange to the overlying water (Smolder et al. 2001 ). In the Aber Benoît, beneath oysters, the highest sulfide concentrations generally corresponded to the highest phosphate concentrations and to the lowest dissolved iron (Figs. 7, 8) . The decrease in dissolved iron could be explained by the formation of iron-sulfide compounds (FeS and FeS 2 ), which reduces adsorption sites for phosphate. Fe scavenging by hydrogen sulfide, already reported in coastal systems (Boesen and Postma 1988; Sundby et al. 1992 ), has been shown to limit the upward transport of ferrous iron and subsequent re-precipitation of ferric iron at the oxic-anoxic boundary (Hupfer and Lewandowski 2008) . Phosphate is then released into the overlying water, whereas precipitated Fe is buried in the sediment. This decoupling of the Fe and P cycles, which occurs when sulfate reduction is the predominant process, decreases the availability of oxic surficial sediment to retain P. In the Aber Benoît beneath oysters, the significant correlations between sulfide and phosphate in the interstitial waters (r 2 = 0.82; n = 16) and the absence of correlation between dissolved iron and phosphate concentrations (r 2 \ 0.01), especially in June and July, as well as the significant increase in phosphate fluxes at the sediment-water interface at this period, reinforced the idea of the decoupling of Fe and P cycles. In addition, the decrease in adsorption sites for phosphate as sulfide availability increased was in agreement with the general trend of Fe-P concentrations decreasing with depth and from May to July in the Aber Benoît beneath oysters (Fig. 5) .
The seasonal variations in pore water phosphate, sulfide, and (Ruttenberg and Berner 1993; Schuffert et al. 1994) . A constant ratio indicates a stoichiometric nutrient regeneration in which organic matter mineralization prevails. Variable ratios suggest that reactions of P removal or addition occur.
A decrease in molar ratio of dissolved Fe/P can also indicate high liberation of phosphate in the pore waters without corresponding high dissolved Fe 2? release from sediment to pore water (Rozan et al. 2002; Lehtoranta and Heiskanen 2003) .
At both studied sites, the lowest dissolved Fe/P ratios ( Fig. 10) corresponded to the highest concentrations in sulfide as Fe 2? decreased through FeS formation (Sundby et al. 1992; Anschutz et al. 1998 ) and HPO 2À 4 increased due to desorption (Fig. 8) . Moreover, according to Stumm (1992) , when Fe oxide-PO 4 complexes are destroyed, PO 4 is Aquat Geochem (2014) 20:573-611 595 solubilized while Fe 2? remains attached to the solid for some time. This could also partly explain the decrease in dissolved Fe/P ratios in pore waters exhibiting temporary anoxia, as those of in this study. At the same time, pore water N/P decreased (Fig. 10) .
However, some other processes such as Auth-Ca-P formation could counterbalance the decrease in dissolved Fe/P and N/P ratios in scavenging dissolved phosphate (Ruttenberg et al. 1992; Raimonet et al. 2013) . The enhanced liberation of pore water HPO 2À 4 arising from Orga-P mineralization or from Fe-P dissolution should promote Auth-Ca-P precipitation (Slomp et al. 1996; Raimonet et al. 2013 ). In the Aber Benoît, Auth-Ca-P precipitation and Fe-P precipitation in superficial sediments in May (beneath oysters) and in June and at the end of July in deeper layers (Reference) could partly explain the sharp rise in the ratio between dissolved ammonium and phosphate (NH ) and almost Auth-Ca-P constant concentrations over time (Fig. 5 ) and indicated that in this area, Auth-Ca-P probably did not contribute to the enrichment of the water column.
In the two areas, Auth-Ca-P, unlike Fe-P and Orga-P, was not significantly influenced by oyster cultures. However, in the Aber Benoît, the significant seasonal variations in Auth-Ca-P (Fig. 5) indicated that this form of phosphorus, in the same way as Fe-P and Orga-P, could temporally behave as a sink for phosphate, then acting as a ''time bomb'' that could induce a modification in the trophic resource. In fact, if Auth-Ca-P has been generally considered as a sink for P (Ruttenberg and Berner 1993; Andrieux-Loyer et al. 2008) , it has also been shown that it could be redissolved (Spagnoli and Bergamini 1997) .
The precipitation and dissolution of Auth-Ca-P in sediments is controlled by pH and phosphate concentrations. Auth-Ca-P is precipitated at high pH and high HPO 2À 4 activity (Stumm and Morgan 1970) . In this study, favorable conditions of Auth-Ca-P precipitation could occur after the sedimentation of labile organic matter beneath oysters (increase in phosphate concentrations due to mineralization processes), whereas the decrease in pH following mineralization processes could promote Auth-Ca-P re-dissolution. pH lower than 7-7.5, already observed in coastal sediments, was shown to cause dissolution of weakly crystalline apatite (Stumm and Morgan 1970; Stumm 1992; Golterman 1998) .
Due to the complexity of processes governing phosphate fluxes at the sediment-water interface, some authors have suggested using dissolved Fe/P (Fe 2? /HPO 2À 4 ) ratios as an indicator of phosphate release in lake or marine sediments (Geurts et al. 2008; Jensen et al. 1992; Lehtoranta and Heiskanen 2003) . The capacity of particles to retain or to liberate P was shown to depend on the stoichiometric ratio between dissolved iron and phosphate in surficial sediments. As freshly precipitated ferric oxides and phosphorus appear to form an aggregate structure with 2 mol of iron per each mole of phosphorus (Sugawara et al. 1957; Golterman 1995) , some authors have shown that the molar ratio of dissolved ferrous iron to dissolved phosphorus must be at least 2 in the pore water to ensure that newly formed ferric oxides can bind the released phosphate (Gunnars and Blomqvist 1997) . Thus, ratios lower than 2 would mean that there ). Vertical dotted line represents theoretical molar dissolved Fe/P ratio (2 mol/mol). For clarifying, sampling dates are only indicated for the most characteristics results is no enough iron to capture all the pore water phosphate in the superficial oxic layer, which would result in an increased benthic efflux of phosphate (Fig. 11) .
These ratios were generally lower in anaerobic marine systems than in freshwater systems due to high sulfate concentrations that can serve as a source for sulfate reduction in conditions of a good supply of labile organic matter (Gunnars and Blomqvist 1997; Zak et al. 2006) .
In the Aber Benoît, maximal phosphate fluxes in June and July beneath oysters corresponded to dissolved Fe/P molar ratios in surficial sediments significantly lower than the theoretical value of 2 mol/mol, corresponding to the complexation of Fe(OOH) with phosphate (Fig. 12) . This indicated that in the Aber Benoît beneath oysters during the summer period, the available iron was in too short supply to bind all upward diffusing phosphate at the sediment-water interface. This induced a higher liberation of phosphate toward the water column (Figs. 9, 12) . At the other periods and at the Reference, the pore water ratios higher than 2 mol/mol indicated that there was enough dissolved Fe 2? to form a superficial Fe 3?
oxide layer which could retain the upward diffusing phosphate. In the Rivière d'Auray, the shift from state 1 to state 2 (Fig. 12 ) was less marked, probably due to the nature of the organic matter, i.e., mostly macroalgae, less labile than biodeposits (see Sect. 4.2) . Nevertheless, at the Reference, the highest phosphate flux in May corresponded to the lowest Fe/P ratio (\2 mol/mol), and to the highest sulfide and phosphate concentrations (Fig. 8) .
Conclusion
Our results highlight the influence of oyster cultures on biogeochemical processes in the sediments of the Aber Benoît, especially concerning the phosphorus cycle. In contrast, in the Rivière d'Auray, the occurrence of macroalgae at both Reference and Oyster sites masked the impact of oysters. The intensity of organic matter mineralization beneath oysters, as highlighted by diffusive fluxes of mineralization products, was lower in the Rivière d'Auray than in the Aber Benoît despite organic matter levels being 1.5-2 times higher. This could be explained by the less labile nature of organic matter in the Rivière d'Auray (fewer biodeposits) than in the Aber Benoît, as shown by COP/Chl a ratios.
In the Aber Benoît, the increase in labile organic matter (i.e., biodeposit) beneath oysters seasonally increased outfluxes of ammonium, sulfide, and phosphate due to mineralization processes. The enhanced phosphate availability was also explained by the less effective scavenging of phosphate by iron hydroxides, as sulfide formed iron-sulfide compounds. This release of phosphate appeared to increase significantly when dissolved Fe/P ratios dropped below a value of 2. This additional seasonally released P may significantly increase the biologically available pool of P in the water, thus modifying the trophic resource. Oyster cultures could consequently lead to long-term modifications in the capacity of the sediment in scavenging/liberating phosphate. Table 5 Seasonal distributions (2007) (2008) of particulate parameters [adsorbed and iron oxide-bound P (Fe-P), organic P (Orga-P), authigenic calcium-bound P (Auth-Ca-P), organic carbon (Orga-C), total nitrogen (total N), chlorophyll a (Chl a), phaeopigments] and dissolved parameters [nitrate (NO 
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